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ABSTRACT 



This monograph was written for the Conference on the 
New Instructional Materials in Physics, held at the University of 
Washington in summer, 1965. It is intended for use by college 
students who are non-physics majors. The approach is phenomenological 
and macroscopic. The monograph contains three chapters. Chapter 1 
discusses Faraday's experiments on induction, the concept of an 
electromotive force, generators, motors, and the Betatron. Chapter 2 
is concerned with Ampere's circulation law for steady currents and 
its applications. The propagation of an electromagnetic disturbance 
is the subject of chapter 3. Each chapter has a number of exercises. 
(LC) 
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This monograph was written for the Conference on the New Instructional 
Materials in Physics, held at the University of Washington in the sum- 
mer of 1965. Thi? general purpose of the conference was to create effec- 
tive ways of presenting physics to college students who are not pre- 
paring to become professional physicists. Such an audience might include 
prospective secondary school physics teachers, prospective practitioners 
of other sciences, and those who wish to learn physics as one component 
of a liberal education. 

At the Conference some 40 physicists and 12 filmmakers and design- 
ers worked for periods ranging from four to nine weeks. The central 
task, certainly the one in which most physicists participated, was the 
writing of monographs. 

Although there was no consensus on a single approach, many writers 
felt that their presentations ought to put more than the customary 
emphasis on physical insight and synthesis. Moreover, the treatment was 

to bo "mult i-lovol" that is, oach monograph would consist of sov- 

eral sections arranged in increasing order of sophistication. Such 
papers, it was hoped, could be readily introduced into existing courses 
or provide the basis for new kinds of courses. 

Monographs were written in four content areas: Forces and Fields, 
Quantum Mechanics, Thermal and Statistical Physics, and the Structure 
and Properties of Matter. Topic selections and general outlines were 
only loosely coordinated within each area in order to leave authors 
free to invent new approaches. In point of fact, however, a number of 
monographs do relate to others in complements ry ways, a result of their 
authors ' close, informal interaction. 

Because of stringent tins'' limitations, few of the monographs have 
been completed, and none has been extensively rewritten. Indeed, most 
writers feel that they are barely more than clean first drafts. Yet, 
because of the highly experimental nature of the undertaking, it is 
essential that these manuscripts be made available for careful review 



by other physicists and for trial use with students. Much effort, 
therefore, has gone into publishing them in a readable format intended 
to facilitate serious consideration. 

So many people have contributed to the project that complete 
acknowledgement is not possible. The National Science Foundation sup- 
ported the Conference. The staff of the Commission on College Physics, 
led by E. Leonard Jossem, and that of the University of Washington 
physics department, led by Ronald Geballe and Ernest M. Henley, car- 
ried the heavy burden of organization.. Walter C. Michels, Lyman G. 
Parratt, and George M. Volkoff read and criticized manuscripts at a 
critical stage in the writing. Judith Bregman, Edward Gerjuoy, Ernest 
M, Henley, and Lawrence Wilets read manuscripts editorially. Martha 
Ellis and Margery Lang did the technical editing; Ann Widditsch 
supervised the initial typing and assembled the final drafts. James 
Grunbaum designed the format and, assisted in Seattle by Roselyn Pape, 
directed the art preparation. Richard A. Mould* has helped in all phases 
of readying manuscripts for the printer. Finally, and crucially, Jay F. 
Wilson, of the D. Van Nostrand Company, served as Managing Editor. For 
the hard work and steadfast support of all these persons and many 
others, I am deeply grateful. 

Edward D. Lambe 
Chairman, Panel on the 
New Instructional Materials 
Commission on College Physics 



CIRCULATION LAWS AND THEIR CONSEQUENCES 



PREFACE 



This fragmentary and rdreliminavy mate- 
rial fits into an outline of multi- 
level monographs" covering those as- 
pects of electromagnetism which in our 
view an undergraduate physics major 
should come to know best The approach 
is phenomenological a*.id macroscopic , 
designed to take adva^age of prior 
experience; we begin magnetostatics 
with magnets, for example. The material 
is planned on two levels to lead 
through the four fundamental empirical 
laws of electricity and magnetism to 
electromagretic radiation as a climax. 
The propagation of electromagnetic dis- 
turbances with velocity c, reached in 
the "first course" material without 
use of the calculus and equivalent to 
the homogeneous wave equation, was 
written in an elementary way by Oliver 
Heaviside ( Electromagnetic Theory 
London, Benn, Vol . Ill, p. 3), but only 
recently has appeared in the Tegular 
pedagogical literature. In our treat- 



ment we have tried to stress the physi 
Ci-1 foundations of Maxwell's great syn 
thesis, stating in words the argument 
corresponding to each mathematical 
step. This results in a considerably 
larger proportion of expository writ- 
ing relative to mathematics than is 
customarily found in derivations of 
the wave equation from Maxwell's equa- 
tions in their usual form. On the 
other hand, expression of the laws in 
differential form seems essential for 
tracing radiation to its sources in a 
physically meaningful way; the present 
Chapter 3 of Magnet ostat ics could be 
followed almost immediately by Chap- 
ter 5 of Monograph III, which would 
trace radiation fields to retardation 
effects. We regret having not suffi- 
cient time to write such a chapter, as 
well as the omission of wha^ should 
have been Chapter 3 of Magnetostatics , 
an elementary treatment of magnetic 
materials . 



OUTLINE OF MONOGRAPHS ON ELECTRICITY AND MAGNETISM 
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II. MAGNETOSTATICS 


III. CIRCULATION LAWS 
AND THEIR 
CONSEQUENCES 
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♦No textual material was prepared in the summer of 1965 for these chapters. 



We have assumed ;io knowledge of 
special relativity, but have empha- 
sized the necessity for choosing a 
frame of reference in which to define 
electric and magnetic field quantities, 
thus laying a foundation for the his- 
torical development of relativity the- 
ory. Unlike mechanics, vacuum electro- 
dynamics needs no modification because 
of special relativity except in inter- 
pretation, so that an excursion into 
relativity theory could be made before 
or after study of the present material. 

The experiments leading to the 
four fundamental laws are described at 
some length, but in use this material 
should be accompanied by demonstrations 
and laboratory work. The basic experi- 
ments should come to be a part of genu- 
ine experience for students, but a lab- 
oratory monograph should be written as 
an extension of the present outline. 
Ohm's law and circuitry, for example, 
do not play an appreciable role in any 
other projected booklets. We cannot 
overemphasize the importance of labor- 
atory work, although we were not able 



Sections 1.4 through 1.7 can be 
omitted without losing the line of the 
argument leading to the propagation of 
electromagnetic waves. Nothing in 
Chapters 2 and 3 depends explicitly on 
the development in these sections. 

I had hoped to complete two addi- 
tional sections: Experimental Confirm- 
ation and Reference Frames. These would 
have appeared at the end of Chapter 3. 
The first would have described the ex- 
periments confirming Maxwell’s predic- 
tions about the propagation of electro- 
magnetic waves. The second would have 
described the interplay of qE and 
qv x B forces as we transform from one 



to undertake detailed consideration of 
its content . 

We assume that students will have 
studied mechanics, that they know New- 
ton's laws, the definition of work, 
the meaning of the symbol, and have 
a working knowledge of elementary vec- 
tor algebra before our material is in- 
troduced. (We do define the vector 
cross product as if for the first 
time.) In the material designed for 
upperclass work we assume calculus. 

All vector calculus is developed as 
needed, but we attempt throughout to 
stress the physics, not the mathemat- 
ics, and attempt no mathematical rigor. 

The first chapters of Monographs 
I, II, and III should be studied in 
that order. The few discussion exer- 
cises we include can only indicate a 
type of problem we consider desirable . 
Numerical problems, which we have made 
no effort to provide, are also neces- 
sary . 

a . T. Mara 
M. Phillips 



inertial frame to another, and it 
would have oxhibited the difficulties 
inherent in applying Galilean relativ- 
ity to Maxwell's equations. While I 
had no intention of introducing spe- 
cial relativity in any detail, this 
seemed the ideal place at which to set 
the stage. In any case, students should 
not be left with the impression that 
everything • they learned about transfor- 
mations in the context of Newtonian 
mechanics can be carried over to elec- 
tromagnetic theory. 



R. T. Mara 
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FARADAY ' S 



LAW 
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INDUCTION 



1.1 FARADAY'S DISCOVERY 

Michael Faraday knew about Am- 
pere's work, so he knew that a magnetic 
field accompanies a current. The mono- 
graph Magnetostatics gives a thorough 
discuss j on of the relationship between 
magnetic fields and currents. In math- 
ematical terms, 



b - 



Mo y I As X r 

477 r 2 > 

s 
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where B is the magnetic induction field 
at a point P (see Fig. 1.1), I is the 
steady current in the element of length 
As along the circuit and As is in the 
direction of that current, r is the dis- 
distance between As a’ d the field point 
P, and r is a unit vector pointing from 
As toward P. 

There is a circulation law closely 
associated with Eq. (1.1). 
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This says that the circulation of B is 
proportional to the net charge that 
passes per second through any surface 
S bounded by the circulation path s. 
There is a convention that relates the 
sense in which As is taken as positive 
around the circulation path and the 
direction in wh. 4 ch AS and hence I is 
to be considered positive. This con- 
vention is illustrated in Fig. 1.2. 

The monograph Magnetostat ics con- 
siders B only in cases for which the 
field point is in empty space, outside 
of matter, and Eqs. (1.1) and (1.2) 
are valid only for such cases. We shall 
also study fields in empty space in 
this monograph. 

While Faraday did not have the 
mathematical conception of Ampere’s 
work that appears in Eqs. (1.1) and 
(1.2), he understood the physics con- 



tained in those equations. And he had 
a strong hunch that there was more to 
the story. T-' understand Faraday's lan- 
guage and hence something of the way he 
thought, we quote the first paragraph 
of a paper he presented to the Royal 
Society in 1831. 

1. The power which electricity of 
tension (electrostatic charge) pos- 
sesses of causing an opposite elec- 
trical state in its vicinity has 
been expressed by the general term 
Induction; which, as it has been 




Fig. 1.1 The quantities appearing in 
Eq. (1.1) describing the vedtor 6 at the 
field point P. Only a part of the complete 
circuit is shown. 





Fig. 1.2 The right-handed convention re- 
relating the sense of As and the direction 
cf A§ for Ampere's circulation law. 
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CIRCULATION LAWS AND THEIR CONSEQUENCES 



received into scientific language, 
may also, with propriety, be »sed 
in the same general sense to ex- 
press the power which electrical 
currents may possess of inducing 
any particular state upon matter in 
their immediate neighborhood, other- 
wise indifferent. It if with this 
meaning that I puipose using it in 
the present paper. 1 

In much the same sense that he 
imagines static charge induces oppo- 
site charges in nearby conductors, 
Faraday sees a current inducing a mag- 
netic fiold in its neighborhood. Fara- 
day continues in the same paper. 

2. Certain effects of the induc- 

tion of electrical currents have al- 
ready been recognized and described : 
as those of magnetization; . . . 

Still i* appeared unlikely that 
these could be all the effects which 
induction by currents could produce; 
especially as, upon dispensing with 
iron, almost the whole of them dis- 
appear, whilst yet an infinity of 
bodies, exhibiting definite phenom- 
ena of induction with electricity of 
tension, still remain to be acted 
upon by the induction of electricity 
in motion. 

3. Further: Whether Ampere’s 
beautiful theory were adopted, or 
any other, or whatever reservation 
were mentally made, still it ap- 
peared very extraordinary , that as 
every electric current was accom- 
panied by a corresponding intensity 
of magnetic action at right angles 
to the current, good conductors of 
electricity, when placed within the 
sphere of this action, should not 
have any current induced through 
them, or some sensible effect pro- 



> Quoted from Faraday's Exporlwont*! Rosoarchos 
In Electricity , Vol. I, which is the first of 
thri,e volumes in which are collected all the pa- 
pers Faraday published in the Philosophical, 
Transactions in the years 1831-1838 (Richard and 
John Edward Taylor, London, 1839). 



duced equivalent in force to such 
current . 

4. These considerations, with 
their consequences, the hope of ob- 
taining electricity from ordinary 
magnetism, have stimulated me at 
various times to investigate exper- 
imentally the inductive effect of 
electric currents. . . . 

Faraday apparently felt deeply 
that a current in one conductor should 
do something tc n nearby conductor. 

And paragraph 4 above seems to indi- 
cate Faraday's hunch that if magnetic^ 
could result from a current, then, in 
some way or other, current should be 
obtainable from magnetism. His view- 
point is at least partly evident in 
experiments he performed as early as 
1824. He passed a magnet through a con- 
ducting helix but noted no effect from 
doing it. He passed a current through 
one wire but found nothing in a nearby 
wire . Then, in ten days of experimen- 
tation, starting August 29, 1831, and 
ending November 4, 1831, Faraday found 
what he . was after, although not really 
what he had expected. On November 24, 
he read his famous paper to the Royal 
Society, and the quotations above are 
taken from that paper. 

In that short s^an Faraday discov- 
ered j^st about every way possible to 
induce current in conductors, and he 
formulated a law that accounted for all 
of them. That work is the basis for all 
modern electric power, from the giant 
turbines, at power stations to the mo- 
tors that drive lathes and drill 
presses. We do not intend to cover all 
the work Faraday reported in even that 
first paper. In any case, 1 no one is 
likely to improve on Faraday’s own re- 
port, so James Clerk Maxwell’s advice 
is good, 

I would recommend the student , 
after he has learned, experimentally 
if possible, what are the phenomena 
to be observed, to read carefully 
Faraday's Experimental Researches 
in Electricit y . He will there find 
a strictly contemporary historical 



